Introduction
Changes in land use often lead to changes in vegetation structure, which significantly impact biosphere-atmosphere exchange processes and biogeochemical cycles (e.g., carbon fluxes, nutrient dynamics). However, structural differences (e.g., type and amount of tissue) between vegetation types also predispose different ecosystems to distinct functional responses to human disturbance and climate variability [e.g., Townsend et al., 1996] . Vegetation structure is both an organizing force upon and a result of ecosystem function; structure exerts a set of constraints on the flow of carbon, water, and nutrients through ecosystems ]. At the same time, biogeochemical feedbacks and other processes constituting ecosystem function have a profound effect on structure [Shugart, 1997] . Because of the structural and functional dependence of ecosystems, regional analyses of vegetation change are needed to bridge the persisting gap between local and global-scale studies of climate change, land use impacts, and biogeochemical cycles [Walker, 1994] [Huete, 1988; van Leeuwen and Huete, 1996] .
Radiative transfer (RT) model inversions are a promising approach for deconvolving the reflectance signal to estimate vegetation characteristics of interest. Surface reflectance is both highly anisotropic (non-Lambertian) and wavelength dependent [Gerstl, 1990] . Canopy RT models simulate the angular and spectral dependence of surface reflectance by simulating the interaction of photons with plant tissues and soil: In this paper, we report on an effort to combine spectral and angular reflectance data from multiple satellite sensors and to estimate a suite of vegetation structural attributes in spatially complex regions (e.g., savannas). We first evaluated a spectral unmixing/geometric-optical method for deriving subpixel AVHRR angular reflectances and for providing estimates of canopy extent, stand density, and crown dimensions of two dominant savanna vegetation types: woody and herbaceous plants. LAI of each vegetation type was then estimated using the unmixed angular reflectance data and canopy RT model inversions. Following the remote sensing analysis, we used the suite of estimated parameters to explore how vertical and horizontal variation in plant structure, and in particular intercanopy shading, affects carbon (C) uptake by constituent vegetation types, a functional attribute needed for large-scale analyses of terrestrial biogeochemical processes. 
Remote Sensing Data
Landsat thematic mapper (TM) data were acquired over the North Texas region in September 1992. This instrument measures surface radiance in six optical channels (centered at 480, 560, 660, 830, 1650, and 2210 nm) with a pixel resolution of 28.5 m (812 m2). September was selccted because it was one of the few times of the year when the tree canopy was green, while the herbaceous layer was dominated by senescent tissues. This strategic sampling provided the best spectral contrast for measuring the spatial extent of the two plant groups. Landsat data from April, August, and November 1992 were also considered, but none showed so strong a contrast between vegetation types as the September data. Each TM pixel was converted to exoatmospheric reflectance using prelaunch gains and offsets; estimates of apparent surface reflectance were achieved via dark object subtraction [Richards, 1993] . AVHRR data were collected between July 1 and 10, 1992, when both woody plant and herbaceous canopies were green and roughly at peak biomass for the season. Because of its large swath width (>2300 km) and often twice daily coverage, the AVHRR imaged the surface with different viewing and solar geometries over the 10 day period. Thirteen images were collected with view and solar zenith angles ranging from 2o-68 ø to 23ø-50 ø, respectively. Relative azimuth angles (between view and solar directions) ranged from 1 ø to 5 ø (six images in forward scattering direction) and -176 ø to -180 ø (seven backscattering images), indicating that the reflectance samples were acquired close to the solar principal plane [Barnsley et al., 1994] .
The 13 AVHRR images were radiometrically and atmospherically corrected, geolocated, and screened for clouds. Radiometric calibration of visible (VIS) and near-infrared (NIR) channels was achieved using in-flight calibration coefficients [I/erin,re and Kaufman, 1995]. Dark current values were determined from deep space measurements performed by the instrument. The data were converted to apparent surface re- High spatial resolution (--•0.25 m) color-IR aerial photographs were collected over the savanna areas containing the 60 x 60 m plots. Photographs were coregistered to the Landsat TM data using differentially corrected GPS. Tree cover and stand density were estimated in each plot and surrounding area using both manual interpretation and digital image-processing techniques.
Modeling Carbon Uptake
To evaluate the importance of canopy and landscape structural properties for ecosystem function, we used the suite of parameters derived from the remote sensing analysis to model daily total fAPAR and C uptake at the regional level. Instantaneous foliar-fAPAR, the fraction of incoming PAR (PAR,) absorbed by photosynthetic plant tissues (green leaves), can be calculated using a RT model such as DISORD [Shultis and Myneni, 1988] . PAR, (given in J m -2 s-•) depends upon solar zenith angle and sky conditions, while foliar-fAPAR is a function of the variables described in equation (1) [Goward and Huemmrich, 1992] 
. Daily total foliar-fAPAR (xp) is the diurnally integrated fraction of PAR that is available for photosynthesis: fr APARf,,l•go(t) dt • fAPARfo,•go(t). PAR,(t) dt fr PAR,(t) dt fT PAR/(t) dt (2)
where APARfonag c is the amount of incoming PAR absorbed by the foliage at time (t), and the integration occurs over the number of daylight hours. This approach to calculating daily total foliar-fAPAR is most accurate when the canopy is horizontally homogeneous. Where intercanopy shading is prominent, as in savanna ecosystems, this measure may be inadequate to characterize PAR absorption at landscape levels. As solar zenith angle changes throughout a day, diurnal integration of foliar-fAPAR by the understory canopy requires that the shaded fraction be calculated. Similarly, individual overstory canopies intercept photons at different angles (with different path lengths involved) throughout a day, and this must be accounted for when scaling the functional properties Eshade = fT Kshadc(t) fAPARfonag• (shade, t) PARt(t)dt (4) where Kshad e is the areal fraction of shaded understory, and PAR t is the amount of incident radiation transmitted through the overstory canopy.
Assuming a light utilization efficiency factor (e) for each vegetation type (given in g C per MJ PAR), the net C uptake by each sunlit and shaded vegetation type (l) can be estimated on a daily, seasonal, or annual basis: 
C,: fr Kz(t) fAPARfo,•g•(t) PAR,(t) ß e; dt

3.
Results and Discussion
Field Measurements
Prosopis LAI values ranged from 0.7-1.9 in 1996 to 1.8-3.4 in 1997. Texas endured one of the driest years on record in 1996. Waggoner Ranch received only 297 mm from JanuaryJuly 1996, but 606 mm were received during the same period in 1997. The rainfall in 1997 was higher than the 22 year JanuaryJuly mean of 434 mm. Therefore the 1996 and 1997 measurements probably bracketed the full range of wet and dry years. This is particularly important because Prosopis production is highly sensitive to rainfall in the first half of the growing season [Ansley et al., 1992] . The AVHRR data were collected in July 1992, a year in which January-July rainfall was recorded at 581 mm at Waggoner Ranch. Therefore Prosopis foliar production was likely to be relatively high in that year as well. Herbaceous LAI values ranged from 2.1 to 4.4 in 1996 and from 1.6 to 3.1 (Figure 6b and 6c) . Overall, the G-O model inversions appeared to provide better stand density estimates than crown dimension ratios. To some extent, this was expected since the method averaged the dimensions over many more tree crowns per TM pixel than were measured in the field. Stand density was evaluated using air photos, providing a more robust comparison to satellite-based estimates. Even given the field sampling of crown dimension ratios on different size trees in the savanna plots, it was difficult to fully evaluate the G-O inversion results due to the high spatial heterogeneity of tree crown sizes. Nonetheless, these validation efforts and a local knowledge of vegetation cover and structure on the ranch provided evidence that the method worked well within ecologically realistic limits. These analyses suggest that observed shadows, which change significantly with solar and viewing geometry, can be quantified and accounted for using this spectral unmixing method. In fact, these results provide a unique spadally oriented, quantitative understanding of how solar and viewing geometry affect cover fraction estimates of contrasting vegetation types. (Table 2) .
Intercanopy Shading
Remote sensing estimates of savanna tree and herbaceous canopy LAI were generally in agreement with field measurements (Figure 7a ). Estimated tree LAI usually fell between the low and the high ranges acquired in the field during the dry (1996) and wet (1997) years. The evaluation is only proximate because the AVHRR estimates represent a mean for large areas (16 km 2) in comparison to the field measurements (360 m2). However, the similarity between ground and inversion results suggests that LAI is relatively constant across the savanna. This is reasonable since >95% of the tree canopy is comprised of the species Prosopis glandulosa (J. Ansley, personal communication, 1998). Estimates of herbaceous LAI were also in general agreement with field measurements (Figure 7b) 
Structural Heterogeneity of Land Cover and Land Use
The suite of canopy and landscape attributes acquired through spectral mixture analysis and inverse modeling showed distinct patterns in the dominant land cover and land use features found in the region (Table 3 ). The two common saw•nna landscapes occur on sharply different soil types, leading to pronounced differences in the extent and structure of woody and herbaceous plants. Areas dominated by clay loam soils have historically supported high grazing pressures due to relatively higher grass production [Heitschmidt et al., 1986 ; J. Ansley, pers. communication, 1998). This, in combination with fire suppression (due to both fire management and removal of herbaceous biomass by cattle), has led to significant increases in the presence of woody plants (primarily Prosopis glandulosa) during the past century [•4rcher, 1994] . The retrieved variables indicated that the clay loam savannas had significantly higher tree cover and LAI than the shallow clay savannas. Since grass production tends to be lower (on a per area basis) on the shallow clays, less grazing tends to occur in these areas [Heitschmidt et al., 1982 [Heitschmidt et al., , 1987 . This correlation has also been observed in other grazed ecosystems [e.g., Senft et al., 1985 ]. Thus we observed the effects of abiotic constraints on plant production as well as land use, potentially feeding back to support less Prosopis biomass in the shallow clay areas. Independent of the actual interacting factors, a combination of abiotic, biotic, and anthropogenic factors have led to distinct, observable differences between the two savanna types.
While the differences between active and dormant fields were obvious from the Landsat NDVI data (Figure 1) , important variation did occur within each cover type. In the active fields, plant cover, stand density, and LAI varied significantly.
This may indicate differences in farming practices or species planted; however, even within a single large field (e.g., 10-500 ha), plant cover and spacing were variable ( Table 3 ). Assuming that species composition and treatment were similar within a None of these finer-scale variations in cropping were obvious in the NDVI image (Figure 1) . The fusion of multispectral Landsat and multiangle AVHRR data provided more information to discern the details in the land cover features. However, none of these structural analyses provide a direct link to the functional properties of the dominant land cover types.
While land cover and land use can be inferred from the suite of structural attributes derived here, the direct link to canopy function is made by convolving structural characteristics (e.g., LAI, stand density, spatial extent) with biophysical properties (e.g., tissue optical properties) to estimate functional attributes such as C uptake.
Regional Carbon Uptake
Using the parameters derived from the spectral unmixing and inverse modeling analyses, we modeled C uptake in a 32 km 2 area of Waggoner Ranch containing the three dominant These analyses strongly suggest that both canopy structure (LAI) and landscapc attributes (primarily vegetation extent and intercanopy shading) drive spatial and temporal variation in PAR absorption and C uptakc in savanna ecosystems. While previous studies have focused on the similar role of LAI and vegetation cover in determining PAR absorption and NPP [e.g., Carlson and Ripley, 1997], our analysis emphasizes that other vegetation structural attributes (stand density, dimensions) represent important factors determining functional processes in savannas. Estimates of ecosystem processes in arid and semiarid environments, where high spatial heterogeneity is common, require knowledge of these interacting factors. It is at the landscape level that this structural information has been lacking and is needed to scale ecosystem functional characteristics from leaf to regional levels.
Conclusions
Remote sensing offers the best available opportunity to observe spatial and temporal variation in ecosystem structure at large scales. The degree to which remote sensing can play a role in biogeochemical research depends on the information extracted from the data and its link to functional variables of interest. Regional-scale biogeochemical analyses necessitate spatially extensive, high-resolution estimates of vegetation characteristics. At the requisite spatial resolution, variation in canopy and landscape structure are observable but also convolved in a highly complex manner. This creates a multivariate situation requiring innovative strategies, multiple data sources, and physically based approaches to access the information most needed for ecological research. Biophysical scaling approaches provide an avenue to explore the factors controlling the radiative properties of ecosystems and to capitalize on the major sources of variance in remotely sensed data. In this paper, we used a combination of spectral and angular remote sensing data from multiple satellite platforms, along with spectral mixture analysis and inverse modeling, to estimate a suite of canopy and landscape structural variables across diverse land cover types. This approach provided reasonable estimates of vegetation characteristics, allowing further analysis of ecosystem functional attributes such as intercanopy shading, diurnal PAR absorption, and carbon uptake.
The estimated structural parameters emphasized important differences in land cover and land use. Spatial heterogeneity of both abiotic (e.g., soil texture) and anthropogenic (e.g., grazing intensity) factors resulted in observable differences in savanna structure. Localized variation in agricultural areas, both between and within individual fields, was also emphasized in several of the estimated variables. Horizontal and vertical complexity of landscape structure led to measurable differences in the functional attributes of the observed ecosystems. Intercanopy shading drove variation in diurnal foliar-fAPAR at the landscape level, which led to significant differences in estimated carbon uptake.
As human impacts on the environment continue to increase in extent and intensity, detailed regional level analyses of changing ecosystem structure and function will continue to gain importance. Theoretical and methodological development of strategies to measure, monitor, and understand the role of natural and anthropogenic processes are critically needed to bridge a significant gap between plot level and global-scale analyses. The combination of multisensor data fusion and remote sensing inverse modeling shows promise for making the link between plot and regional scales and between ecosystem structure and function.
